We are exploring the physics and frequency-scaling of vacuum rf breakdowns at sub-THz frequencies. We present the experimental results of rf tests performed in metallic mm-wave accelerating structures. These experiments were carried out at the facility for advanced accelerator experimental tests (FACET) at the SLAC National Accelerator Laboratory. The rf fields were excited by the FACET ultrarelativistic electron beam. We compared the performances of metal structures made with copper and stainless steel. The rf frequency of the fundamental accelerating mode, propagating in the structures at the speed of light, varies from 115 to 140 GHz. The traveling wave structures are 0.1 m long and composed of 125 coupled cavities each. We determined the peak electric field and pulse length where the structures were not damaged by rf breakdowns. We calculated the electric and magnetic field correlated with the rf breakdowns using the FACET bunch parameters. The wakefields were calculated by a frequency domain method using periodic eigensolutions. Such a method takes into account wall losses and is applicable to a large variety of geometries. The maximum achieved accelerating gradient is 0.3 GV=m with a peak surface electric field of 1.5 GV=m and a pulse length of about 2.4 ns.
I. INTRODUCTION
Accelerating gradient is one of the crucial parameters affecting the design, construction and cost of the next generation linear accelerators. The challenge is to develop reliable and cost-effective high-gradient accelerators.
The typical working frequencies of linear accelerators are from about 1 to 12 GHz. The accelerating gradient of the long-lived SLAC S-band linac is about 17 MV=m [1]. During development of the Next Linear Collider (NLC)/ Global Linear Collider (GLC), an X-band test accelerator was built, which operated at 65 MV=m unloaded gradient [2, 3] . The CERN based linear collider design CLIC requires 100 MV=m loaded gradient at 12 GHz in accelerating structures with heavy wakefield damping [4] . Future accelerators may need even higher gradients, such as compact synchrotron light sources or inverse Compton scattering gamma ray sources [5] .
High gradient acceleration has several problems, of which rf breakdown, pulse heating and field emission are the major obstacles [6] . rf breakdowns limit the working power and produce irreversible surface damage in high power rf components and rf sources.
The work by Loew and Wang, published in 1988 [7] , considered rf breakdowns directly linked to peak electric field. They were studying the peak limit value of the electric field that generates breakdowns. Their work was carried out at different frequencies: S-band, C-band, and X-band. They found that the maximum peak surface electric field achievable without rf breakdowns, grows with the square-root of the frequency. This analysis led to the idea that maximum accelerating gradient, limited by breakdown, increases with frequency. Later, other research carried out at CERN [8] in the frequency range from 21 to 39 GHz, concluded that there is no increase in the maximum achievable gradient at higher frequencies. Both studies considered breakdown as a phenomenon generated when the peak electric field exceeds a certain threshold.
Other studies to understand and mitigate the effects of rf breakdown were conducted during the development of the normal-conducting 11.424 GHz NLC/GLC [2,3,9], which has been replaced by the 12 GHz CERN-based linear collider CLIC [10] . Advances in understanding limitations on accelerating gradient go beyond linear colliders. Accelerators are used in applications such as inverse Compton scattering gamma ray sources [5] , compact free-electron lasers (FELs) [11, 12] , and compact medical linacs for hadron therapy [13] . Modern high gradient devices such as photo-rf guns [14] , 4th harmonic linearizers for FELs [15] , rf deflectors [16, 17] , and rf undulators [18, 19] , all use these technologies and methods, developed and sustained by studies of high gradient accelerators.
During the NLC/GLC work the statistical nature of rf breakdown became apparent [2, 3, 9, 20] . For most accelerating structures exposed to the same rf power and pulse shape, the number of rf breakdowns per pulse is nearly steady or slowly decreasing over 10 5 − 10 7 pulses. The breakdown probability became one of the main quantitative requirements characterizing high gradient performance of linacs. For example: the CLIC linear collider requires rf breakdown probability to be less than 4 × 10 −7
per pulse per meter for a loaded accelerating gradient of 100 MV=m.
As technology progressed, sophisticated manufacturing and surface preparation techniques and systematic rf processing methods were developed [21] [22] [23] . As a result of this R&D, practical 11.4 GHz traveling wave (TW) accelerating structures, which are CLIC prototypes, run at breakdown rates of about 10 −6 per pulse per meter at unloaded gradients up to 120 MV=m and ∼200 ns pulse length. TW structures that include wakefield damping work at about 100 MV=m for similar breakdown rates [24] . Studies of new geometries and materials at 11.424 GHz show the potential to reach 150 MV=m accelerating gradients with similarly low breakdown rates [25] .
Presently, X-band structures are the most studied in terms of rf breakdowns [20, [26] [27] [28] [29] . We know that breakdown statistics depend on pulse heating [30] and a numerous list of other factors, such as the peak electric field, the peak magnetic field [31] , and the peak Poynting vector [32] . In this paper, using all the knowledge and technologies developed in designing, fabricating, and testing for X-band structures, we want to explore the physics of rf breakdowns at mm-wave frequencies.
W-band metallic and dielectric structures were previously studied at SLAC by Whittum et al. [6, [33] [34] [35] [36] [37] . Also Hill et al. [38] [39] [40] [41] tested both a single metallic W-band cavity and a dielectric linear accelerator excited with an electron beam. They studied the longitudinal and transverse wakefields in a 91 GHz dielectric coated accelerating structure [42] . Henke and Bruns [43] [44] [45] [46] and Chou and Kroll at SLAC designed a W-band muffin-tin planar accelerator structure [47] [48] [49] . These studies highlight the difficulties of working at W-band frequencies. The challenge was to accurately assemble the structure from its parts [50] .
Another approach to reaching high accelerating gradients at higher frequencies involves dielectric wakefield accelerators. These schemes have been tested at SLAC FACET [51] and elsewhere [52] [53] [54] [55] . To our knowledge, in these experiments there were no systematic studies of rf breakdown probability. In our metallic structures we can detect the breakdowns by using a new diagnostic tool that we called "arc detector," unique to our structures.
We built a high gradient linear accelerating structure, traveling wave with constant impedance. The structure is open, consists of two separate halves. To reduce field enhancement all edges were rounded. The advantage of an open structure is that there is less risk in manufacturing and testing than for a clamped or brazed structure. Moreover, with the open structure we were able to vary the gap between the two plates, changing the rf parameters. We also changed the gradient by changing the relative position of the beam with respect to the center of the structure. The two halves can be independently insulated from each other and ground. These insulated metal halves constitute the arc detector, used to measure the field emission current and detect breakdowns. Its implementation is described in the next chapter.
In this paper we show the results of studies on rf breakdowns performed with mm-wave accelerating structures. Since we do not have access to mm-wave rf generators, the structure needs to be excited by an ultrarelativistic electron beam.
With X-band accelerating structures we tested cavities of many different types, testing several cavities of each type [20, 22, 23, 26, 27] . To confirm reproducibility of experimental data, several cavities of the same type were tested. Testing of each X-band structure took many weeks or months. The same procedure is impossible to repeat at FACET, where each experiment lasts an 8-10 h shift with weeks in-between. Therefore, we used an approach different from our X-band work, we tried to explore as much parameter space as possible: standing wave vs. traveling wave, copper vs. stainless steel. We plan to continue expanding this parameter space in new experiments. This paper is divided into four sections. In the first section we present the design considerations and the geometries of the structures. In the second section we present the method that we developed to estimate the wakefield induced by the beam. The third section presents the numerical results of gradients and peak fields. In the fourth section we present the experimental results. In the third experiment we designed a new method to detect breakdowns and field emission current. We used the scanning electron microscope (SEM) inspection to determine the nondamage conditions. All symbols used in this paper are presented in Table I .
II. DESIGN CONSIDERATIONS AND GEOMETRY OF THE STRUCTURES
In our experiments we studied breakdowns in mm-wave structures. Since we do not have access to mm-wave rf sources, we designed wakefield-excited structures. The beam was generated by FACET [51] , housed in the first 2 km of the SLAC linear accelerator [1] . FACET has an energy of 20.35 GeV, and about 50 μm of longitudinal bunch length. The charge varies from 2.7 to 3.2 nC. The structures are open type, composed of two separate movable metal halves. The horizontal position, the vertical position and the gap are remotely controlled by three movers. The cavities are milled into the flat side of metal blocks. When the two halves are placed together they form a single accelerating structure. Each cell has been designed with a mode close to 2π=3 phase advance. The edges have been rounded to minimize the peak fields. The field of the fundamental accelerating mode is trapped inside when the gap is less than 1.3 mm. The rf parameters can be changed by varying the gap. Both input and output couplers are symmetric dual-feed, radiating energy out through antenna horns to pyrodetectors. The electromagnetic design was carried out with Ansys HFSS [56] .
Three types of structures have been designed and tested. The first is a copper traveling wave structure, operating in the standing wave regime (in this paper we will call it "SW") [ Fig. 1(a) ], the second is a copper traveling wave structure and the third is a stainless steel traveling wave structure [ Fig. 1(b) ], at the bottom-left and top-right, respectively. The solid model of the geometry of the second and third structure is shown in Fig. 2(a) , while a photo of the structure, including the near coupler cells, the output coupler, and the horns is shown in Fig. 2(b) . In the zero gap condition, there is no path for the beam to travel, as the two blocks are in contact with each other. The two blocks of the first structure were machined by Makino [57] in May 2012, while the two blocks of the second and third structures were produced by EDM Department Inc. [58] . The profile roughness parameter Ra is 0.2-0.3 μm. The halves were cleaned according to the SLAC procedure established for X-band high gradient structures [21] [22] [23] .
In the first experiment we used the copper traveling wave structure, operating in the standing wave regime. It has an undercoupled coupler of about −30 dB, because we wanted to separate the effects of the external environment (reflections by mirrors, windows and other surrounding objects) from our studies of rf breakdowns inside the structure. As depicted in Fig. 1(a) , the corrugations end with a shortcircuit on the right end, and with undercoupled couplerhorns on the left end.
In the first experiment we did not have gap motors and the gap was fixed at 0.9 mm. The geometry of the vacuum part of the first experiment regular cell is shown in Fig. 3(a) , while the coupler is in Fig. 3(b) .
Since the coupler is undercoupled it radiates a low output power. In the first experiment we found that the useful rf detected signal is low compared to the ambient electromagnetic noise. Therefore we decided to increase the coupling in the following experiments. In the second experiment we used the copper traveling wave structure and in third experiments we used the stainless steel traveling wave structure, both with matched couplers. The matching procedure is described in [59, 60] . The geometry of the vacuum part of the TW regular cell is shown in Fig. 4(a) , while the coupler is in Fig. 4(b) .
For each experiment we recorded the pyrodetector or the crystal-detector voltage, which is proportional to the pulse energy emitted from the output waveguide horn from the structure. In the first two experiments we did not see any signatures of rf breakdowns on the output signals. Thus we had to invent a new diagnostic able to reliably detect breakdowns. Since breakdowns generate electron and ion currents, we decided to build an arc detector unique to open structures. In the third experiment the two metal halves were electrically insulated. We measured the field emission current and the breakdown current by measuring the voltage induced between the structure blocks. This was achieved by connecting the two metal halves to an oscilloscope. We can clearly see voltage spikes correlated with the transverse position of the electron beam inside the cavity and the magnitude of the pyrodetector signal. We assumed that these voltage spikes are due to currents generated by rf breakdowns.
III. WAKEFIELD COMPUTATION
The electromagnetic fields in the structure are excited by the FACET electron beam. We are interested in calculating the long range wakefield and the accelerating gradient induced by this bunch. A wakefields calculation method has been developed using HFSS and MATHEMATICA [61] , operating in the frequency domain. This method calculates the rf parameters of periodic eigensolutions. This method underestimates the short-range wakefield, since we focused on trapped modes. These computations take into account the wall losses and are applicable to complex cell geometries. With this wakefield computational tool it is possible to calculate the longitudinal wakefunctions, the accelerating gradient induced in the structure, the surface peak field and the power radiated from the waveguide. It is also possible to distinguish the accelerating gradient of the fundamental mode and the total gradient generated by the trapped modes.
The assumption in our calculations is that the structure is periodic and that the electron beam is traveling at the speed of light. Considering a regular cell, the synchronous frequency is the frequency at which the phase velocity of the traveling wave is equal to the beam velocity. Therefore the synchronous frequency is the frequency of the wave induced by the beam.
The synchronous frequency, and phase, falls at the intersection between the cell dispersion curve and the speed of light. The dispersion curve of the cell has been evaluated by modeling the regular cell in HFSS, and running the eigenmode simulations using HFSS "masterslave" boundaries [56] (applied as depicted in Fig. 5 ). The "master" and the "slave" boundaries allow us to simulate the field distributions of an infinite periodic cell array, by simulating only one cell. By setting a Δϕ phase advance between the "master" and the "slave" planes, an eigenmode solution is calculated, which is equivalent to the field traveling in an infinite periodic array of cells at the simulation frequency. To improve the simulation speed, only a quarter cell has been analyzed by setting magnetic symmetry planes in "XZ" and "YZ" (see Fig. 5 ). With this setting the dipole mode is excluded from our simulations, since we are only interested in the accelerating one.
A "master-slave" Δϕ phase parametric sweep was simulated from 0 to 180 degrees with a step size of 5 degrees, recording at each step the simulated resonant frequency. The dispersion curve was obtained by interpolating the simulated points. The line representing the speed of light is given by the relation: f ¼ c 360d Δϕ, and the synchronous frequency and phase are given by the intersection of the two curves. An example of such an intersection, for the fundamental mode, is shown in Fig. 6 . The derivative of the dispersion curve is positive, therefore the power flow is in the same direction of the beam and it is a "forward" type mode.
The rf parameters were calculated simulating the regular cell by setting the "master-slave" boundaries with the phase delay corresponding to the synchronous phase advance (which generates the synchronous frequency) and by using the following relations. The accelerating voltage is given by:
The "AE" integration sign is chosen for forward (þ) or backward (−) wave. The shunt impedance (per unit length):
The loss factor (per unit length) including the group velocity related compression factor [62] [63] [64] : The group velocity:
The attenuation length:
The pulse length of a structure of length L, assuming the attenuation length is significantly longer than 'L':
After calculating the above rf parameters from the eigenmode data, the following expressions are the quantities induced by the beam, for a given mode:
The induced accelerating gradient:
The induced power flow:
The pulse energy:
A. Calculation of higher order mode rf parameters
The rf parameters for the higher order modes that exist in the structure are crucial to obtain the total wake potential. The trapped wake is the sum of all the generated wakes with frequencies below the beampipe cutoff. The above procedure has been used to calculate the synchronous frequencies and phases of the high order modes with some precautions. Depending on the bunch interaction between the forward or backward wave, it is important to determine the sign of the integration of Eq. (1).
The eigenmode "master-slave" simulation was carried out for each mode, but at higher frequencies the modes have phase advances per cell larger than 180 degrees. The analysis should be completed with a phase extended version of the dispersion diagram, called an "unfolded" version [an example is shown in Fig. 7(a) ], where the phase advance is not limited to 0-180 degrees. In Fig. 7 (a) both modes are "forward" type, because at the intersections, both dispersion curves have positive derivatives. To reduce the simulation time, we restrict the phase diagram to 0-180 degrees, folding in the speed of light line, generating the "folded" dispersion diagram [an example is shown in Fig. 7(b) ]. In the latter diagram it is important to determine whether the high order modes are "forward" or "backward". The green line is "forward" because, even though it has a negative derivative, it is intersecting with a speed of light line folded once (odd vs. even). To avoid errors in determining if the mode is "forward" or "backward," we developed a robust method to calculate the shunt impedance with the correct integration sign. The shunt impedances plus and minus (R sþ and R s− ) correspond to the forward and backward wave, calculated by setting plus or minus sign on Eq. (1). After making the eigenmode simulation of one cell, we longitudinally replicated the on-axis fields. One of the two integrated impedances (R sþ or R s− ) grows while the other trends toward zero. The shunt impedance that is linearly growing is the one interacting with the electromagnetic field. We tested this method in a noncorrugated waveguide (no interaction with beam), which showed that both R sþ and R s− tend toward zero when longitudinally repeating the cell fields.
We calculated the shunt impedances and loss factors induced in the periodic structure. For each trapped higherorder mode, this procedure was used to calculate the loss factor that interacts with the beam. Summing all the trapped modes, the Green's function (also called the wakefunction) is given by: where uðtÞ is the unitary step function and "N" is the number of trapped modes. The wakepotential is obtained by convolving the cosine-step function term of the previous expression with the bunch charge distribution. Considering a Gaussian bunch, the final expression is
Our method has been verified by comparing the results with another wakefield calculation method developed by Novokhatski [65] [66] [67] [68] , showing good agreement.
IV. NUMERICAL RESULTS
In this section we show the numerical results obtained by applying the method above described to the three structures.
A. Traveling wave copper structure, operating in the standing wave regime
The first experiment involved a traveling wave copper structure, operating in the standing wave regime. When the bunch excites the field, the field is reflected at the coupler and creates a standing wave pattern. In this experiment we did not have a gap mover. The gap between the two metal halves was fixed at 0.9 mm. The geometry of the vacuum part (modeled in HFSS) of the regular cell is shown in Fig. 3(a) , while the coupler is in Fig. 3(b) . The rf parameters calculated with the above method are listed in Table II . The fundamental mode is dominant, all the other modes are above cutoff and therefore are not trapped in the structure.
The wakefield has been calculated using Eq. (11), and is shown in Fig. 8 over a short range. This wakefield, multiplied by the bunch charge gives the accelerating gradient.
A simulation of the power generated by the bunch is depicted in Fig. 9 . The energy of this pulse is 7.4 mJ with 2.7 nC bunch.
The peak electric and magnetic fields are shown in Fig. 5 , for the 2.7 nC bunch charge used in the first experiment.
B. Traveling wave copper and stainless steel structure
The second and third experiments involved a traveling wave structure. We needed a matched coupler in order to have large signal to noise ratio. Both structures are installed with a remotely controlled motor for adjusting the gap. The gap can be remotely changed from 0 mm to about 40 mm. The gap range used in the experiments is from 0.2 to 0.9 mm. The structures were made with copper (for the second experiment) and stainless steel (for the third experiment). They are depicted in Fig. 1(b) . The geometry of the vacuum part (simulated by HFSS) of the regular cell is shown in Fig. 4(a) , while the coupler is in Fig. 4(b) .
Coupler matching
During the last two experiments we tested the structures with different gaps. The coupler can only be matched for a fixed gap. Thus when we match the coupler we must choose a good trade-off that allows reasonable transmission when changing the gap afterwards. In this exercise we used a gap range from 0.3 to 0.9 mm. Figure 10 shows the reflection and the transmission when the coupler is matched for a certain gap, and the gap is changed afterwards. 
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a ¼ 0.15 mm, the transmission will not be affected by more than 20% by changing the gap. Therefore, for the final design, we used the coupler matched at a ¼ 0.15 mm. Figure 2 is a picture of the manufactured structure.
Numerical results of the traveling wave structures
The rf parameters were calculated for gaps equal to 0.2, 0.3, 0.5, 0.7, 0.9 mm. For the fundamental mode the rf parameters are listed in Table III .
We were not able to use gap smaller than 0.2 mm because at smaller gaps the beam hits the structure. For the 0.2 mm gap, the attenuation length is only a couple of cells in the copper structure case. In this case the assumption that the power lost in the cavity wall is negligible with respect to the Poynting power flow, is no longer valid. Therefore the calculated group velocity is an approximation, as for the stainless steel case.
All the trapped modes must be considered to calculate the integrated loss factor, shown in Fig. 11 , for different gaps. For each gap we calculated the wakefield, the power radiated from the output waveguide, and the fields.
With a gap of 0.3 mm the coupler is matched. For the other gaps the power of the fundamental mode exiting from the waveguide is calculated by taking into account the transmission: P out ¼ Pð1 − jRj 2 Þ. The output signals collected outside of the waveguide are depicted in Fig. 12 , for the copper structure (a) and for the stainless steel structure (b). Figure 13 is a series of plots that describe the results of the simulations for the second and third traveling wave structures. Figure 13 (a) shows the synchronous frequency; Fig. 13 (b) the decay length; Fig. 13 To analyze the origins of breakdowns, we are interested in the peak electric and the magnetic fields on the copper surface, considering the highest gradient that was achieved with the smallest gap (0.2 mm). Such fields are derived from an HFSS simulation of the fundamental mode, excited by 3.2 nC of bunch charge (charge used in the second experiment, TW copper). They are shown in Fig. 14. The wakefield of the first mode and the sum of all the wakes have been calculated using Eq. (11) . The wakefields of the trapped modes for each gap are shown in Fig. 15 . Figure 15 (d) corresponds to the maximum gap. Here only one mode is trapped.
During the experiments, the beam axis was fixed and the structure was moved along the horizontal "Y" dimension (The coordinate system is the same as in Fig. 5.) . When the electron beam passes over the corrugations of the structure, the wakefield changes. Figure 16 
V. EXPERIMENTAL RESULTS
In this section we show the experimental results carried out using the three accelerating structures. For each experiment we describe a common procedure.
The electron beam has an energy of 20.35 GeV and a longitudinal bunch length of 50 μm.
A. Common procedure
The common procedure is divided in three main stages: operations before beam, operation with beam, and inspections after beam exposure.
The common operations before beam are (i) Machining: The first structure was manufactured by the company Makino [57] , while the second and the third was manufactured by EDM Department Inc. [58] . (ii) Cleaning: The structures are cleaned according to SLAC procedure developed for the high-gradient X-band program. (iii) Installation: The structure is installed on motorized stages. In the first experiment we had control of the horizontal and vertical position, while in the second and third experiments we also controlled the gap. The assembly is then installed in the "Kraken" vacuum chamber. A mirror is glued to the structure for laser alignment, and a phosphor screen is bolted to the edge of the structure to visualize the electron beam. The antenna horns of the structure are directed toward pyrodetectors that sense the pulse energy. (iv) Alignment with the laser: A laser beam is placed on the trajectory of the FACET electron beam from the previous run. We moved the structure until the laser beam hit the mirror and then started the alignment procedure by tilting the structure with pitch screws. The structure is considered aligned when the reflected laser beam travels back along the same trajectory as the forward laser beam. (v) Pumping: The Kraken chamber is closed to establish vacuum.
Operations with the electron beam are the following: (i) Detect the beam on the phosphor screen: If the electron beam hits the copper structure, it will cause damages to the delicate part of the corrugations. Therefore, as a first step, we must steer the beam onto the phosphor screen, which is installed far from the corrugations. (ii) Finding the vertical center of the structure: When the gap is set, we must find the vertical position of the structure that allows the beam to be vertically centered. This is done by setting the electron beam at an approximate vertical center (horizontally it is far from the corrugations). The structure is slowly moved up (and down), till the beam slightly touches the copper, generating a radiation shower, detected by the accelerator control system. The vertical center is calculated taking the average between these upper and lower limits. (iii) Horizontal scan: Once we determined the vertical center, the structure is moved horizontally, letting the beam interact with the corrugations, generating the electromagnetic field. During each scan, we observed the magnitude of the energy pulses produced by the structure with pyrodetectors. In the third experiment we also observed the field emission current and detected breakdowns using the "arc detector" setup. (iv) The scan procedure is then repeated with different gaps (second and third experiment).
The after-beam operations are (i) The structure is removed and brought to the laboratory for inspection.
(ii) The structure is inspected with SEM, looking for signs of damage due to rf breakdowns. The position of each damage is then noted. (iii) Considerations and speculations: We correlate the numerical calculated magnitude of the electric field with damage. From this comparison we can determine the peak electric field and pulse length at which the structures were not damaged by rf breakdowns. Our FACET tests were done in a large vacuum chamber, which is used by many different experiments, thus it is opened and closed every week. In the first experiment (copper TW structure, operating in the standing wave regime) the average pressure was 9.6 × 10 −7 Torr. In the second experiment (copper TW structure) it was 5.8 × 10 −7 Torr, and in the third experiment (stainless steel TW structure) it was 3 × 10 −7 Torr. This setup makes it impossible to reach vacuum pressures comparable with our X-band high gradient structures. We are aware of this problem and decided to proceed with the experiments anyway, since there is no data available in the studied parameter space.
As the study progressed, in each new experiment we improved the control system and diagnostics. Details of each experiment are described as follows.
B. First experiment: Traveling wave copper structure operating in the standing wave regime
We assembled the two halves of the accelerating structure with a fixed full gap of 0.9 mm. The structure was installed into the "Kraken" vacuum chamber (Fig. 17) . It was aligned to the beam trajectory using the reference laser. This alignment allows the electron beam to pass cleanly through the gap between the top and bottom halves of the structure. Motorized stages are used to shift the structure horizontally or vertically with respect to the electron beam. During the first experiment, the structure was exposed to the electron beam with 2.7 nC of bunch charge. The structure has been moved along the horizontal direction. At first, the beam crossed the structure where the corrugations are not present. By moving the structure along the horizontal direction, the corrugations intercepted the field of the electron beam, generating a power flux and an accelerating gradient. The maximum gradient occurred when the beam is on the structure axis (Fig. 17) . When the beam is moved further from corrugations the gradient decreases.
After the experiment, we inspected the structure surfaces with a SEM microscope. The SEM inspection shows the location of damage due to rf breakdowns (Fig. 18) . The first regular cell that is close to the coupler was damaged the most. This damage pattern is consistent with standing waves formed by the reflections from the coupler. Several irises were damaged and metal dust was found in the surrounding cells. After the 9th cell from the output coupler we did not see any damage. Therefore we can say that the nondamage accelerating gradient is the field present in the part of the structure far from the output coupler, working in the traveling wave regime. It is 0.1 GV=m with a peak surface electric field of 0.35 GV=m and pulse length of 2.45 ns. Near the coupler cells, where we saw damage, the field increases, approximately by a factor of two.
C. Second experiment: TW copper structure
The second experiment involving the copper traveling wave structure, is illustrated in Fig. 19 . It was installed in the vacuum chamber with remotely controlled motorized stages to shift the structure horizontally or vertically with respect to the electron beam. There was also a motor to adjust the gap between the two halves of the structure.
The second experiment ran with about 3.2 nC bunch charge. We started the experiment with a gap of 0.9 mm.
We made several horizontal scans, repeating this procedure until the minimum gap of 0.2 mm. When the structure center was aligned with respect to the beam the pyro signal was very stable and its fluctuations were correlated with bunch charge fluctuations, no light from inside the structure was seen by the alignment camera. We did not observe any obvious signatures of rf breakdown on the pyrodetector signal. Rare vacuum bursts happened at the highest power 7.7 MW.
After the experiment, no breakdown damage was present in the input coupler (Fig. 20) when viewed with SEM. The breakdowns occurred after cell number 16, as depicted in 18 . SEM microscope picture of breakdowns generated during the experiment involving the first copper structure, driven by a bunch charge of 2.7 nC and 50 μm length. Output end of the structure (a), 1st iris breakdown damage (b), 9th iris no breakdown damage (c). Fig. 21 . As a result of the SEM autopsy, a massive breakdown damage was discovered after the first 20 cells from the input coupler, while the other cells were undamaged and therefore able to withstand the induced field. We treated the nondamaged cells as one undamaged accelerator. Comparing the experimental results with the numerical calculations it is possible to estimate the field levels at which the structure was not damaged. From the numerical simulations of the fundamental mode with gap 0.2 mm (corresponding to the highest gradient), the peak nondamage surface electric field was 0.64 GV=m and the accelerating gradient was 0.3 GV=m. Considering the sum of all modes, the peak surface electric field was 1.5 GV=m. At this gap the attenuation is very high and the attenuation length is 2.38 ns (Table III) . This means that for the wave with the group velocity v g ¼ 0.2 m=s, the signal decays in 2.38 ns.
D. Third experiment: TW stainless steel structure
The third experiment, involving the stainless steel traveling wave structure, is illustrated in Fig. 22 . The experiment ran with a bunch charge of about 3 nC and a bunch length of about 50 μm. In the previous experiments we were not able to detect rf breakdowns from the rf signal. In this last experiment we built an arc detector. The two metal halves that compose the structure were electrically insulated from ground and each other using plastic film. This made it possible to measure the field emission current by measuring the current induced in the two separate metal blocks. This was achieved by connecting the two metal halves to an oscilloscope and by measuring the induced current. Signatures of rf breakdown is a spike in the current monitor signal.
The same scan procedure used in the second experiment was repeated for the third, varying the gap from 0.9 to 0.5 mm. The pulse energy of the output signal was measured with a pyrodetector. Two pulse energy measurements are shown in Fig. 23 (gap ¼ 0.7 mm, gap ¼ 0.5 mm), and compared with predicted values. The pyrodetector that measures the pulse energy, also detects the diffraction radiation that is a systematic offset added to the measured signal. Therefore, to compare the measured pulse energy with the calculated one, the diffraction radiation component must be subtracted from the main signal, but we do not have tools to evaluate it precisely. Therefore to compare measurements and simulations we matched the measured and calculated plots using the least-squares method.
The largest output energy that we measured when the beam was on the structure axis is shown in Fig. 24 , as a function of the gap.
During the experiment we observed the rf breakdowns with the arc detector. Two examples are shown in Fig. 25 . This figure reports the energy measured by the pyrodetector (a),(c), and the arc detector (b),(d). Without rf breakdowns the shape of the signal on the current monitor is similar to the pyrodetector. Figure 25(d) shows how rf breakdowns destroy the shape of the current monitor signal when the gap was reduced from 0.7 to 0.6 mm. After the experiment, a SEM inspection of the structure was performed and it is shown in Fig. 26 . It is possible to see the damages on the metal surface. Figure 26 show that no damage was created in the output coupler or in the irises 110-111. In Fig. 26 (h) the damaged areas are on a common line. We concluded that the electron beam touched the structure causing the damage. This beam damage weakened the structural surface, facilitating the generation of rf breakdowns up to even a 0.9 mm gap. Figure 27 compares the recorded arc detector before the beam damage at the beginning of the shift (b) and after the beam damage at the end of the shift (d) with 0.9 mm gap.
The beam damage in the input coupler [ Fig. 26(e) ] is similar to the pulse heating damage in high gradient rf structures [69] . Figure 26 (h) of cells 9-10 show rf breakdown caused by beam damage.
In the surfaces not damaged by the electron beam we did not see rf breakdown damages. This means that the stainless steel surfaces can withstand the induced electric field. At the minimum gap of 0.5 mm, corresponding to the maximum electric field, we can estimate a nondamage accelerating gradient, which is 0.19 GV=m with a peak surface electric field of 1 GV=m and a pulse length of 0.33 ns.
VI. SUMMARY AND DISCUSSION
This paper reports experimental results from a study of the physics of rf breakdown in high gradient copper and stainless steel mm-wave accelerating structures. The FACET ultrarelativistic electron bunch was used to excite electromagnetic fields in the structures. Our ultimate goal was to have the full breakdown statistics at mm-wave frequencies. Since the electron beam was only available for few hours, we limited our studies to find the peak electric field and pulse length at which the structures were not damaged by rf breakdowns. Three types of structures were tested: copper traveling wave operating in standing wave regime, copper traveling wave and stainless steel traveling wave.
The wakefields induced by the electron bunch were estimated by a frequency domain method that uses periodic eigensolutions. Such a method takes into account the wall losses and is applicable to complex cell geometries.
At each test, new diagnostics were developed and we understood more about the behavior of the structures. In the third experiment we developed an arc detector. The two metal halves were electrically insulated. This has been achieved by connecting the two metal halves to an oscilloscope and by measuring the induced current. The arcs were detected by observing the spikes in the signal.
After each experiment the structure was inspected with a SEM autopsy showing the breakdowns generated by the high-induced electric fields.
Here we draw on our experience with high gradient tests of X-band traveling wave accelerating structures.
As of now, the most systematic study of rf breakdowns were done at X-band. In the experiments with X-band traveling wave accelerating structures we measure the position of every breakdown and thus we know the breakdown probability in every cell. The structures can have events with multiple breakdowns during single pulse but probability of such events is typically less than 30%. So the majority of breakdowns are single breakdown events, were one breakdown does not induce another one in different part of the structure. Appearance of "hot cells" in some structures is another indication of relative independence on structure parts. "Hot cell" is a cell that has breakdown probability higher than neighboring cells. Once appears the "hot cell" stays in same location and does not increase probability of breakdowns in neighboring cells. These X-band experimental data lead us to a conjecture that the breakdowns in upstream part of our 100 GHz traveling wave structure are independent of breakdowns in downstream part. This allows us to imply that "nondamage" condition in upstream part is practically independent from breakdown events in downstream part. Since in all three structures we always found a zone without breakdowns, we used that area as one undamaged accelerator and we concluded that the nondamage conditions are the maximum fields and pulse length induced by the bunch in that specific area. We summarize the nondamage conditions in Table IV . Statistical properties of rf breakdown which typically has close to Poisson distribution and is characterized by an average probability. This probability is a function of both rf fields and pulse shape. Pulse shape is often reduced to just pulse length (τ p ), or time period for which the metal surface is exposed to rf fields. In X-band structures a typical dependence of the breakdown probability on the pulse length is very strong, τ 6 p [26, 32] . In a traveling wave structure fed by an rf source the pulse length is the same in every cell. So relative cell-to-cell breakdown probability depends on local rf electric, magnetic fields and their combination such as modified Poynting vector. In the experiments described in our paper, our constant impedance structure is excited by an ultrarelativistic charge. Therefore, peak fields are the same in every cell but the effective pulse length is different. The downstream cells are exposed to rf fields longer than upstream cells. If the strong pulse length dependence of the breakdown probability exists in 100 GHz structures then we should see downstream cells damaged before upstream. This is exactly what we observe in autopsies of our structures.
In these experiments we found high gradients in mmwave structures and we made rf breakdowns tests at such frequencies. These studies will pave the way toward the use of these devices in future accelerators applications. 
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